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This Report summarizes the results of research, design, and develop- 
ment efforts for a space molecular sink simulation facility now under 
construction. The longitudinal-wedge-fin, 21 O K hydrogen-refrigerated, 
molecular-trap array has been shown to provide a capture improve- 
ment of an order of magnitude over that of smooth-walls, capturing 
99.97% of the condensable molecules of 02, N,, A, CO, and CO, that 
emanate from the test item before they can return. An electron-beam 
titanium sublimator will be used to pump hydrogen and, also, chemi- 
cally permanently fix the cry0 deposits. A 1300-ft”/min mechanical 
pump (operated in the viscous-flow regime to eliminate backstream- 
ing) and a 140-l/sec turbo-molecular impact pump will be used to 
rough pump the double-walled, double-doored 10-ft-diam vacuum 
chamber and to sustain the guard vacuum. The chamber is decon- 
taminated by glass-bead blasting in conjunction with a 250°C vacuum 
bake-out. Conventional extreme-high-vacuum and cryogenic instru- 
mentation and controls will be used; cryogenic quartz-crystal micro- 
balances with a sensitivity of 1 x 10-log/cm’ will be used to measure 
condensable molecular fluxes; and a cryogenic quadrupole mass spec- 
trometer will be used to monitor the molecular specie emanating from 
the test item. 
I. INTRODUCTION 
During a spacecraft’s flight, the active environments 
of space, such as particle and radiation fluxes, produce 
marked effects on many of its surfaces. The fluxes cause 
dislodging of the surface-absorbed gases, which are then 
removed by the permissive environment, the molecular 
sink of space. Spacecraft experience suggests that the 
degradation of the absorptivity-emissivity characteristic 
of some paints when exposed to ultra-violet radiation 
may be affected by the quality of the vacuum environ- 
ment in which the surface coating is tested (Ref. 1); and 
experiments are now being conducted in a small space 
molecular sink simulator system, molsink, to determine 
the effect of the molecular sink of space on the die-off 
rates of spores that might be found on spacecraft com- 
ponents. In addition to the active environments of space, 
others are produced by the spacecraft itself, such as 
internal heat, bearing friction, and contaminant fluxes 
which also interact with the molecular sink of space. As 
an example, the cold welding of spacecraft bearings 
(Ref. 2) may be a function of the bearing cavity con- 
duction to space and the amount and type of molecular 
flux produced by the materials within the cavity. 
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Fig. 1. Space molecular sink simulation facility 
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Because of the many problems of cold welding, surface 
degradation, contaminant migration, and others that are 
encountered in sophisticated spacecraft, there is need 
for such a simulator as molsink in which the above men- 
tioned problems can be investigated. 
The molsink facility, illustrated in Fig. 1, is a 10-ft 
diam, extreme-high-vacuum chamber with walls that 
cryogenically and chemically pump gases produced by 
the test item. The cryopumping is accomplished by a 
96-in. spherical molecular trap (moltrap), of wedge-fin 
array, constructed of 0.016-in.-thick aluminum sheets 
that are spot welded to aluminum tubes; the tubes are 
cooled to 21°K by a 1OOO-w refrigerator. The angles of 
the fins are such that their projections are tangent to a 
10-in. sphere at the center of the moltrap, a configuration 
which has been shown to provide an order-of-magnitude 
capture improvement over a smooth-wall capture when 
the test-item gas load is from within the 10-in. spherical 
volume. It has been computed that approximately 35 out 
of every 100,OOO molecules of 02, N,, A, CO, and CO, 
emitted from a 10-in. spherical 300°K test item would 
restrike the test item; for molecules with sticking coeffi- 
cients greater than 0.70, the number restriking is propor- 
tionally reduced. 
The chemical pumping is accomplished by an electron- 
beam titanium sublimator, which is mounted on the 
inner door of the chamber. About 7 X loG l/sec of hydro- 
gen can be pumped by the 2000 ft' of 21°K surface 
which is continuously being coated by the sublimator. 
Two fortunate by-products of this arrangement may be 
that the cryo-deposit is chemically fixed by the titanium, 
and the effective capture coefficient of the cryopumping 
surface is also increased. 
The described facility is only partially completed at 
this time (February 1966). The mechanical pumps, the 
chamber support structure, and most of the utilities are 
installed. The chamber and the moltrap array are under 
construction, and the designs of the refrigerator and 
titanium sublimator are nearing completion. The instru- 
mentation systems are under development in the research 
laboratory along with the experimental verification of the 
moltrap theory. The titanium back-streaming problem is 
currently under investigation. 
II. MOLSINK FUNCTIONA 
by the hydraulic lift, permitting the moltrap array to be 
removed by the overhead tackle. After cleaning, the 
chamber will be reassembled and pumped down by a 
1300-ft3/min mechanical pump and a turbo molecular 
impact pump (turbomol) to 4 X 10-3 torr during a bake- 
out at 250°C for 100 hr. If the chamber has not been 
exposed to atmospheric contaminants or grossly contam- 
inated test items, a shorter vacuum bake without dis- 
assembly can be used. 
The test item is prepared and mounted on the double 
door in a GN, purged skirt under the chamber. The 
chamber is backfilled with high-purity argon, the vacuum 
raising the double door on the hydraulic lift. 
I 
The chamber is designed so that it can be disassem- 
bled periodically and glass-bead blasted to remove ac- 
cumulated contaminants. The lower part of the outer 
While the inner door is open, the chamber is rough 
pumped by the mechanical pump and maintained at 
100 p by an argon sweeping purge to prevent oil back- 
: during this time, the inner liner and the 
moltrap array are cooled to 77°K. The inner door is 
closed and its gold wire gasket is loaded by the hydraulic 
lift. While the turbomol, in conjunction with cryopump- 
ing from the moltrap manifolds, pumps the guard vacuum 
to below 1 X lo-'; torr, the moltrap is cooled to 21"K, and 
the electronbeam titanium sublimator is started. 
The outgassing rate of the test item is monitored with 
cryogenic quartz-crystal microbalances (CQCM), which 
are described under Instrumentation (see also, Ref. 3); 
and the titanium sublimator, which is monitored and 
controlled by a warm quartz crystal microbalance, is made 
to match this gas load with an efficient titanium sublima- 
tion rate. One of the early experiments planned for the 
molsink is a determination of this rate. The gas species 
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evolved from the test item can be qualitatively measured 
with a cryogenic quadrupole mass spectrometer. 
A shuttered, le-in.-diam double quartz window is pro- 
vided in the top of the chamber, through which a solar 
simulator can impinge its beam on the test item and 
visual inspection can be made. 
The test item is unloaded from the chamber into the 
GN, purged skirt area under the chamber by relaxing 
the hydraulic lift and back-filling the chamber with hot, 
high-purity argon (an easily pumped, inert gas that does 
not condense at 77°K) while the moltrap and inner liner 
are still cold to prevent evaporation of the cryo-deposit 
and contamination of the test item. The back-fill gas 
temperature is controlled so as to cancel out the cooling 
of the test item due to gaseous conduction. When the 
test item clears the door port, the vacuum bake-out door 
is held in place, and the chamber is rough pumped to 
100 p for warm up for the start of the bake-out cycle. 
111. MOLTRAP THEORY 
If it is assumed that about 1 X 10' mol/cm?/sec strike 
surfaces in space, it would take 3 yr or more for a mono- 
layer to form, provided all striking molecules stick to 
the surface (Ref. 4). Fortunately, the surface-effect 
phenomena that are of interest to the function of space- 
craft do not require periods of this length to become 
apparent; a period of minutes, hours, or days may be 
sufficient, depending on the particular experiment being 
performed. 
In the molsink chamber, the monolayer formation time 
(MFT) is directly related to the type and quantity of gas 
being evolved from the test item and to the percent of 
these gas molecules that are allowed to return to the 
test item by the moltrap. This percent of returning mole- 
cules can be minimized by the design of the moltrap and 
is, therefore, the major measure of performance for this 
type of simulator. 
A molecule hitting a surface can do one of two things; 
either it can be captured by the surface-because of 
cryogenic, physical, or chemical sorption - or it can re- 
bound. If it is caught, it may remain on the surface for 
a short time and then return to the void, or, alternately, 
it may stay on the surface more or less permanently. 
If  it is not captured but, rather, instantaneously re- 
bounds, the direction in which it is reflected is related to 
the direction of incidence. If, however, the molecule 
remains on the surface for a finite time, there is no such 
relation; in this case, the direction in which the molecule 
returns is governed only by the conditions of the surface. 
Knudsen's Law states that the number of molecules 
emerging from the surface in a certain direction is pro- 
portional to the cosine of the angle made by that direc- 
tion and the normal to the local surface. It has been 
demonstrated (Ref. 3 )  that the gas molecule will reflect 
specularly only when the product of the cosine of the 
angle of incidence and the average height of the inequali- 
ties of the surface are less than the material wavelength 
of the gas molecule. Only extremely highly polished 
metal surfaces and cleaved surfaces of crystals are 
smooth enough to produce any specular reflection of 
molecules. Therefore, all molecules that rebound from 
engineering surfaces do so without regard to their direc- 
tion of incidence. 
There are two types of macroscopic array configura- 
tions, as depicted in Fig. 2, that could be used to increase 
the effectiveness of a molecular trap. The major differ- 
ence is the shape of the distribution of the reflected flux. 
A wedge-fin array was chosen, since it minimizes the 
number of molecules returned to a centered test item; 
the radial-fin configuration minimizes the total number 
returned to the entire test volume, but it permits return 
of just as many molecules to a centered test item as does 
a smooth wall. 
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Fig. 2. Comparison of the distribution from a smooth 
wall, radial fin, and wedged fin distribution 
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IV. MOLTRAP ANALYSIS 
The MOLTRAP array used in the MOLSINK chamber 
can be analyzed using the following relationship (Ref. 5 ) :  
No. returned mol test item diam 
No. evolved mol = (moltrap diam 
x (% rebounding mol) 
tangent sphere diam ( moltrap diam 
Fig. 3. Ratio of returning to emanating molecules 
6 
.From examination of Fig. 3 and this equation, it is 
apparent that the ratio of returning to emanating molecu- 
lar flux is proportional to the square of the ratio of test- 
item to moltrap diameters, provided they are concentric 
spheres. This is a straightforward area ratio and applies 
to all chambers. This ratio is reduced by the fraction of 
molecules that rebound from the surface of the fins. 
This is one minus the sticking coefficient and applies to 
all chambers. The third factor is the effect of the wedge 
fin moltrap, which can be expressed as the ratio of the 
tangent sphere diameter (the sphere to which the fin 
planes are tangent) to the moltrap diameter; it is unique 
to the molsink chamber. 
This equation does not account for the fact that the 
edges of the fins are not perfectly sharp nor that some 
of the molecules that miss the test item will rebound 
again. It does assume that the test item and moltrap 
are both spherical, and that the test item is smaller than 
the tangent sphere. Only those elements of the test item 
that produce high gas loads, such as the electronics on 
a TV camera, need to be within the tangent sphere in 
order that the moltrap perform efficiently. 
The moltrap has an effective diameter of 96 in.; its 
fins, which operate at 21"K, are all tangent to an imagi- 
nary 10-in. sphere. If the test item were a 10-in. sphere 
that emitted gases over its entire surface with capture 
coefficients of about 0.70 on 21°K surfaces [0,, N,, A, 
CO, CO, at 300°K (see Ref. 6)1, then for every 100,000 
molecules emitted, only about 35 would restrike the test 
item; this ratio includes increases due to the blunt fin 
edges, about 1% (Ref. 7), and multiple wall collisions, 
about 0.7% (Ref. 8). Experimental verification of the 
above relationships have been performed in a small 
molsink system using CQCMs (Ref. 9). 
The monolayer formation time for nitrogen onto the 
test item can then be estimated: for example if the 300°K 
10-in. spherical test item evolves nitrogen at the rate of 
1 monolayer/sec, or 2 X torr 1/sec-cm2, and if the 
contaminant sensitive surface of the test item captures 
10% of all the nitrogen molecules that strike it, then 
it would take 
= 30,000 sec, or 8 hr 1 
(3.5 x 10-')0.10 
to form a monolayer. 
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The solid nitrogen on the moltrap surface will provide 
a partial pressure within the chamber equal to its vapor 
pressure at 21°K if the moltrap surfaces become satu- 
rated with un-chemsorbed nitrogen. This partial pressure 
would be 1 X lo-’” torr (Ref. 10) and would provide a 
monolayer formation time from this source of 180,000 
sec, or about 50 hr (Ref. 8), again assuming 10% of all 
the nitrogen that strikes the test item is captured. 
If these two sources are combined, then 
With the stated assumptions, the monolayer formation 
time would be approximately 7 hr. It is felt that this 
example is conservative, because a gas flow of this mag- 
nitude could be maintained only by a leak from a pres- 
surized cavity; the actual capture coefficient for the 
nitrogen on the moltrap will be greater because of the 
titanium chemsorption, and the moltrap surfaces will 
not become saturated with free nitrogen because of the 
titanium chemically fixing the cryo-deposit. 
It is evident that the nature and specie of molecules 
evolved from each specific test item greatly influence the 
molsink performance in terms of MFT. One of the major 
attributes of this molsink design is the ability to accom- 
modate very large gas loads (“dirty” test items) while 
still maintaining an MFT measured in hours or days. 
V. CHEMICAL PUMP, TITANIUM SUBLIMATOR 
An electron-beam gun mounted inside a LN2-cooled 
conical shield impinges its beam on a LN,-cooled zone- 
refined rod of titanium mounted in the center of the 
moltrap door shroud; this action causes evaporation of 
Hydrogen is reported to be pumped at 3.8 l/sec-cm2 of 
titanium coated surface (Ref. 11). Therefore, the moltrap 
is expected to pump hydrogen at 7 X 10; l/sec. 
c. 
b. 
Since the titanium evaporates with a cosine distribu- 
tion, the location and orientation of the source will 
produce a uniform coating on the moltrap. Efficient 
titanium utilization may then be made with the use of 
a quartz crystal microbalance sublimation control sys- 
tem, which consists of a LHe cooled quartz crystal 
(4°K) that condenses the test item molecular flux in 
combination with a warm quartz crystal (300°K) that 
condenses the titanium flux, only. This system allows the 
rate of titanium evaporation to be controlled and matched 
to that required by the test item gas load. 
In addition to pumping hydrogen at very high speeds, 
this system may also pump helium by ionization in the 
electron beam, followed by ion burial in the moltrap 
surface and permanent physical covering of the site by 
m coanng. Beca use or tne small si ze or tne 
electron beam, the helium pumping rate will be very 
low; sources of helium must, therefore, be minimal. The 
freshly deposited active titanium may also chemically 
combine with the active cryopumped deposits and, thus, 
may permanently fix them to the surface, reducing the 
problem of evaporation from moltrap temperature in- 
crease. 
- 
Finally, the titanium may improve the effective sticking 
coefficient of the moltrap surface by chem-sorbing a por- 
tion of the condensable molecules that would ordinarily 
rebound. (The rebounding molecules partially accommo- 
date and, thus, have a finite residence time on the surface.) 
The magnitude of this effect remains to be demonstrated. 
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Vll. VACUUM CHAMBER CONSTRUCTION FEATURES 
VI. MOLTRAP 
The moltrap requires 1000 w of refrigeration at 21°K 
for continuous periods of up to a year. The power re- 
quirements are due to the combined radiation loads of 
the test item, LN, walls, and the titanium sublimator, 
as well as to the conduction losses of the moltrap feed- 
throughs. The temperature requirement is predicated on 
the vapor pressure and sticking coefficient of the com- 
mon gases that normally evolve from test items. The 
extended period of reliable continuous operation is re- 
quired by the lengthy times spent in transfer between 
the planets by the spacecraft; these periods must be 
duplicated for real-time testing. Since helium not only 
leaks and diffuses more easily through joints and metals 
than hydrogen, but is also more difficult to pump (esti- 
mated at 10 to 1000 Vsec) than hydrogen (estimated at 
RE FR I G E R A T 0  R 
7 X 10' I/sec), the moltrap refrigeration system will have 
the optional capability of using hydrogen. It is hoped 
that the leak-and-diffusion problem will not force the 
use of this option because of safety problems that are 
created by use of hydrogen. 
The design of the refrigeration system is not completed 
at this time; however, it is felt that a dry labyrinth-seal- 
type compressor that would feed helium to a turbine 
expansion engine through a LN, precooler and counter- 
flow heat-exchanger would meet the above requirements. 
The optional configuration would be achieved with a 
gravity-convection-pumped liquid-hydrogen loop fully 
contained within the chamber. 
The 10-ft-diam carbon-steel outer chamber is supported 
by two columns so that its double bottom-opening 24-in. 
door port is 9 ft above the main floor. The inner liner, 
constructed of standard 3041, stainless steel corrugated 
crycpanel, is supported on eight pins projecting vertically 
from the door port flange and is stabilized by teflon 
blocks around its periphcry. This vacuum-tight LN, 
cooled 1inc.r provides a barriclr between the test volume 
and the warm chamber M ~ R I I s ,  clastomeric scxals, and other 
contaminant sources. I t  is dcsigned so that all of the 
wclds or joints that arc cxpsed to the test volume 
vacuum arc guarded by thcx vacuum hetwcen the inner 
and outer chambcr. That is, no weld, joint, or connection 
has a fluid on one side and thr test volume vacuum on 
the other; all such joints or connections in the fluid or 
gas lincs are made within the g ~ ~ r d  vacuum space be- 
tween the inner and outer vessels. Thus, the effect of the 
8 
inevitable, undetectable leak on the test volume vacuum 
is greatly reduced. 
The aforementioned guarded joint feature is carried 
through with the moltrap array, whose elements (50 pairs 
of wedge fins) are suspended from the LN,-cooled inner 
liner bulkhead plate by their aluminum hairpin cooling 
tubes. Thin (0.016-in.) sheets of aluminum are spot 
welded to these tubes to form the %-in. spherical longi- 
tudinal-wcdge-fin moltrap array. Thcse fins are arranged 
so that they have a 13- to 14-deg includcd angle between 
them and are tangent to a 10-in. sphere at the center of 
the chamber. Since the longitudinal fins diminish in height 
and spacing as they approach the poles of the array, there 
is insufficient room between the fins for the cooling tubes 
in these two zones. The door and window array elements 
are, therefore, machined from solid aluminum. 
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VIII. ANCILLARY SYSTEMS 
Bake-out heat is provided by passing heated GN, 
through the inner liner; in addition, a radiant electrical 
heater element, which is mounted on a dummy door, 
sustains the bake-out temperature and, thus, conserves 
GN,. 
The double door closes the outer chamber, acts as a 
high-vacuum valve between the test volume vacuum 
and the guard vacuum, and provides support points and 
feed-throughs for the test item. The test-item support 
consists of a catheter-fed, LN,-cooled, sharp knife-edge 
strut which provides overhead suspension points by 
which the test item may be hung by its own instrumen- 
tation wires. These wires are led up the back side of 
the strut and, thus, their contribution to the back reflec- 
tion is minimized. 
The outer door is sealed with a Viton Gask-0-Seal, 
and the inner door is sealed by a 0.010-in. gold wire that 
is crushed by the 20,000-lb hydraulic door-lift actuator. 
This uniformly loaded seal will survive the temperature 
extremes (77°K to 250°C) and provide an adequate seal 
between the guard vacuum and the test volume vacuum. 
The hydraulic actuator raises and lowers the double 
door and opens and closes the inner door; it is used, also, 
to lower the bottom section of the outer chamber, when 
the inner liner and moltrap array are removed for clean- 
ing and repair. 
The window is composed of an outer, optically flat, 
1-in.-thick quartz plate, which withstands the atmos- 
pheric pressure, and an inner, optically flat, thin quartz 
plate, which separates the test volume vacuum from the 
guard vacuum. The inner window is shielded from the 
test item by a LN,-cooled shutter that is supported on 
a rotary-motion feed-through. The shutter is provided 
with a molecular trap surface consisting of machined, 
circumferential, sharp V-grooves. The outer window is 
sealed with a Viton Gask-0-Seal and is held in place by 
gravity, thus acting as an over-pressure relief for the 
outer chamber. 
A frangible-disc burst diaphragm provides protection 
for the inner liner and has disc cutters that ensure rup- 
ture at 1 psi differential pressure in either direction. 
IX. INSTRUMENTATION 
Conventional instrumentation is used to monitor the 
pressure; a high-pressure nude ionization gauge monitors 
the guard vacuum, and a standard nude ionization gauge 
monitors the test-volume vacuum. Thermocouple gauges 
are used to monitor the pressures in the roughing system 
and the vacuum insulation of the refrigerator. 
A cryogenic quadrupole mass spectrometer, which is 
mounted on one of the moltrap cooling tubes, monitors 
the molecular species emanating from the test item. 
As mentioned before, a 4°K cryogenic quartz crystal 
microbalance and a 300°K (room temperature) quartz 
crystal microbalance are used to monitor and control 
the operation of the titanium sublimator. A 21°K CQCM, 
mounted on the moltrap, and a 77°K CQCM, mounted 
on the inside of the inner liner, are also exposed to the 
molecular flux from the test item and are used in con- 
junction with the 4°K CQCM to quantitatively calibrate 
the cryogenic quadrupole mass spectrometer, as well as 
to provide quantitative data on the three classes (4, 21, 
9 
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and 77°K) of condensables emanating from the test item. 
Other CQCM instruments are used to monitor any possi- 
ble backstreaming from the mechanical roughing pumps 





Properly cut quartz crystals are very sensitive, re- 
peatable, fast, but non-linear thermometers. They are 
used in conjunction with thermocouples to monitor the 
temperature of the various chamber and refrigerator 
cryogenic components. 
The level control of the various LN,, LH2, and LHe 
reservoirs is accomplished with low-frequency quartz 
crystals whose oscillations are damped by the cryogenic 
liquid but not by the gas. In the case of LHe, this method 
of level detection is advantageous because no significant 
heat is generated within the reservoir. 
A quartz crystal vibrating in a thickness shear-mode 
(as illustrated in Fig. 4) is, over a wide range, frequency 
sensitive in a linear fashion to changes in mass and can, 
thus, measure the rate at which a molecular flux con- 
denses on its surface at a particular temperature. 
OPTICAL -ELECTRODES COATED ON 
AXIS TWO SURFACES 
Fig. 4. A quartz crystal vibrating in a 
thickness shear-mode 
ANGLE OF CUT, deg 
Fig. 5. Temperature of zero-temperature coefficient 
of frequency vs angle of cut 
1 0  
Fig. 6. Quartz crystal mounted on spring-clip base 
. 
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Sensitivities as high as 1 X l O - ’ O  g/cm2 (a gas mono- 
layer is approximately lo-@ g/cm2) can be achieved by 
operating the crystal at the temperature at which changes 
in temperature produce small changes in frequency (Ref. 
12). This turnover point of a crystal can be adjusted by 
the angle at which the crystal is cut (39” 49’ for a crystal 
mounted on the LN, cooled holder). Figure 5 roughly 
plots the temperature of turnover vs the angle of cut 
(Ref. 13). 
A quartz crystal, as shown in Fig. 6, is either attached 
to a wall or a shroud, or it is mounted on its own reser- 
voir-fed U-tube cryogenic holder and its low capacitance 
(100 pf) mechanically restrained leads are fed through 
the inner and outer walls of the chamber to an oscillator, 
which is mounted on the outer flange. 
An oscilloscope with a 4-channel plug-in module is 
used to diagnostically examine the waveshape of the 
oscillator output and to sequentially switch between each 
of four different CQCMs. An electronic counter, digital- 
to-analog converter, digital printer, and strip-chart re- 
corder are used to record the vertical output of the scope, 
thus sequentially recording four CQCM frequencies. 
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